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Abstract: We propose a deep learning technique to exploit “deep speckle correlations”.
Our work paves the way to a highly scalable deep learning approach for imaging through
scattering media.
OCIS codes: (290.0290) Inverse scattering; (110.1758) Computational imaging; (100.4996) Pattern recognition,
neural networks.
Light scattering in complex media is a pervasive problem across many areas. To date, there is no simple solu-
tion for inverting scattering because of the many possible optical paths between the object and the detector. The
output of a coherent light scattered from a complex medium exhibits a seemingly random speckle pattern. The
speckle’s spatial distribution is a complex function of both the microscopic arrangement of the scatterers and the
wavefront of the incident field. Thus, a comprehensive deterministic characterization of the scattering process is
often difficult, requiring large-scale measurements. Major progress has been made by using the transmission ma-
trix (TM) framework [1] that characterizes the ‘one-to-one’ input-output relation of a fixed scattering medium as a
linear shift-variant matrix. Due to the many underlying degrees of freedom, the TM is inevitably large, whose size
generally grows quadratically as the transferred pixel number, i.e. the system’s space-bandwidth-product (SBP).
This makes this approach highly measurement and data-demanding for high-SBP applications.
A major limitation of these existing approaches is their high susceptibility to model errors. The phase-sensitive
TM is inherently intolerant to speckle decorrelations. Slight changes of the medium can lead to much reduced
correlations between the speckles measured before and after. This indicates the breakdown of the previous input-
output relation, and results in rapid degradation of the transferred images.
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Fig. 1. An overview of our deep learning based imaging through scattering technique. (a) Speckle
measurements are repeated on multiple diffusers. (b) During the training stage, only speckle patterns
collected through the training diffusers Dtrain1 ,D
train
2 , · · · ,DtrainN are used. (c) During the testing stage,
objects are predicted from speckle patterns collected through previously unseen testing diffusers
Dtest1 ,D
test
2 , · · · ,DtestN , demonstrating the superior scalability of our deep learning approach.
Our goal is to develop a highly scalable imaging through scattering framework by overcoming the existing
limitations in susceptibility to speckle decorrelation and SBP. The approach is to build a ’one-to-all’ model that
possesses two statistical properties. First, ‘one’ model sufficiently encompasses the statistical variations across
‘all’ scattering media with different scatterer microstructures but within the same class. Second, the model can
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Fig. 2. Testing results of ‘seen objects through unseen diffusers’. The single CNN trained with
four ‘training diffusers’ is used to predict objects through previously unseen ‘testing diffusers’,
Dtest1 ,D
test
2 ,D
test
3 ,D
test
4 ,D
test
5 . Despite the apparent differences across the speckle patterns, consistently
reliable predictions are made by our CNN.
distill the statistically invariant information encoded in the speckle patterns (correlated or decorrelated). Together,
they allow the single model to be generalizable to various objects/media having the same statistical characteristics.
Our approach is built on a deep learning (DL) framework [2]. To satisfy the desired statistical properties, we do
not train a convolutional neural network (CNN) to learn the TM of a single scattering medium. Instead, we build a
CNN to learn a ‘one-to-all’ mapping by training on multiple scattering media with different microstructures while
having the same macroscopic parameter. Specifically, we show that our CNN model trained on a few diffusers can
sufficiently support the statistical information of all diffusers having the same mean characteristics (e.g. ‘grits’).
We then experimentally demonstrate that the CNN is able to ‘invert’ speckles captured from entirely different
diffusers to make high-quality object predictions, as outlined in Fig. 1.
We demonstrate our technique under shift-variant scattering by placing a diffuser at a defocused plane. This
geometry provides a limited isoplanatic region (≈ speckle size). The objects extend well beyond the isoplanatic
region (∼300×300 speckle size). Our task is further complicated by the intensity-only measurement under co-
herent illumination; the mapping between the object and speckle intensity is nonlinear. The training step in our
DL method is conceptually similar to the TM calibration, in which a series of patterns are input to the diffuser
and the output is measured. In TM calibration, interferometric measurements are often required; additional phase-
retrieval procedures are needed when intensity-only data are used [3]. Here, the proposed CNN learns to interpret
the ‘phaseless’ measurements using its nonlinear, multilayer structure.
We experimentally achieve ∼256×256-pixel SBP using up to 2400 training pairs. Importantly, our training
data were collected on multiple diffusers. Distinct from the TM approach, our trained CNN is able to predict
objects through ‘unseen diffusers’ that were never used during training. We experimentally quantify the CNN
performance trained with 1, 2, or 4 diffusers and demonstrate the superior robustness over speckle decorrelation
of our technique. We further demonstrate that the trained CNN is able to generalize over new object types through
unseen diffusers. Example prediction results using our trained CNN through unseen diffusers are shown in Fig. 2.
We demonstrate a promising DL framework towards highly scalable imaging through scattering media. Our
method significantly improves the system’s information throughput and adaptability as compared to existing ap-
proaches, by improving both the SBP and the robustness to speckle decorrelations.
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